. Remarkably, the has been confirmed by the recent identification of sevdirection of these loops and turns and the relative posieral genes that display striking, side-specific patterns tioning of organs within the body cavity appear to be of expression in the early embryo. Surgical manipulaconserved in all vertebrates, suggesting that this asymtions in chick and frog embryos have further helped to metric structure and arrangement of organs is required define the roles that specific embryonic structures play for their normal function. For example, the heart has to during the process of L/R determination. be asymmetric to pump blood efficiently, and asymmetIn this review, we examine recent discoveries that ric development of the digestive system (which is partichave deepened our understanding of the mechanisms ularly complex in vertebrates) allows it to be packed that direct the development of the L/R axis. We have more efficiently within the body cavity. Thus, the normal subdivided the process of L/R determination into four disposition of organs, called situs solitus ( Figure 1A ), is stages: (1) the initial breaking of symmetry, which leads an essential and distinctive feature of the vertebrate to the establishment of specific patterns of gene expresbody plan. sion in and around the embryonic organizer; (2) the relay From an evolutionary perspective, the progression of L/R positional information from the organizer to the from bilateral symmetry to global, handed asymmetry lateral plate mesoderm (LPM); (3) the stabilization of required that important changes be made on at least broad domains of side-specific gene expression, and; three distinct levels of organization. These could have (4) the transfer of L/R information to the organ primordia, arisen in three sequential steps, although other equally and the elaboration of specific programs of asymmetric plausible evolutionary scenarios can also be envisioned. try-breaking event might occur (see, for instance, Brown
observed correlation between situs abnormalities and ciliary dysfunction in humans (Afzelius, 1976). The breakthrough came from analyzing a specialized cluster of monocilia present on the ventral surface of the mouse node, the mammalian equivalent of the early embryonic organizer region identified through classical transplantation studies in Xenopus. These monocilia, which project into the extraembryonic space surrounding the egg cylinder, exhibit a novel type of vortical motion that generates an apparent leftward flow of extraembryonic fluid in the node region (Nonaka et al., 1998; Okada et al., 1999; Takeda 
reversed L/R axis, the direction of nodal flow is not
In left isomerism (C), also called polysplenia syndrome, the heart altered in these mice, although the flow is weaker than and lungs are double-left, the liver may be double-left, located in a in wild-type controls . On the surface, midline position, or normal, and the stomach is usually found in a midline position. There is always more than one spleen (termed these findings would seem to argue against the nodal splenules), although multilobulated single spleens may also occur.
flow hypothesis, since it is not clear how a properly
Situs inversus refers to the complete mirror-image reversal of organ oriented (albeit reduced) nodal flow could result in a asymmetry (D). Since laterality defects are highly variable, the figure consistent inversion of the L/R axis. However, one way depicts simplified cases, and is not intended to portray accurately of solving this dilemma is to assume that the inv gene the whole range of possible defects. The terms situs inversus and product does not act at the level of the biasing mecharight or left isomerism can also be used to describe laterality defects nism per se, but instead, acts downstream in the initial in individual organs, even if they are not included in specific syndromes. Adapted from Brown and Anderson, 1999. interpretation of early L/R signaling cues. In this scenario, the reduction in nodal flow (possibly a pleiotropic effect of the inv mutation) might help to explain the less and Wolpert, 1990 and Levin and Mercola, 1998a), there than 100% incidence of situs inversus seen in these is little empirical evidence supporting any of the promice. Other models have also been proposed ( , 1999) . The fact that these early asymmetries in chick are all centered at the node strongly implies that this is the site where L/R patterning information first originates in the chick, and argues that the underlying mechanism of symmetry-breaking might be similar between mouse and chick. Despite these arguments in favor of a conserved mechanism of symmetry-breaking, there are a number of significant differences between mouse and chick with respect to both the timing of early L/R patterning events and the way specific genes are deployed during the initial stages of L/R axis formation. In chick, for instance, Shh is expressed asymmetrically and plays a central role in the transfer of left-sided positional information from the node to the LPM (Levin et al., 1995; Pagá nWestphal and Tabin, 1998). Similarly, asymmetric expression of Fgf-8 at the chick node is required to prevent the left-sided pathway from becoming inappropriately activated on the right side (Boettger et al., 1999). However, neither Shh nor Fgf-8 is expressed asymmetrically in the mouse, and overall, the nature of the laterality defects observed in Shh-and Fgf-8-deficient mice argue against a conserved role for these molecules in early patterning of the vertebrate L/R axis (Chiang et al., 1996; One important prediction of the model proposed manner to achieve the rapid spread of Nodal signaling throughout the entire lateral plate. above is that chick nodal cilia, if they do indeed exist and function in the breaking of symmetry, must be presOne important relay signal identified recently in chick is the product of the Cerberus-related gene Caronte ent and active prior to or coincident with the appearance of the earliest known molecular asymmetries in chick, of these findings, it is possible that the presence of Lefty-1 in the midline might also serve to limit the contraInterestingly, in the chick, Car appears to act as an endogenous inducer of lefty-1 expression in the midline lateral spread of Nodal signaling by reducing the effective concentration of Nodal in regions further away from (probably by antagonizing a local BMP activity), thus establishing a negative regulatory loop that could ensure the source of Nodal production.
Altogether, these data demonstrate that a complex that Car activity is completely restricted to the left side regulatory cascade of negative interactions plays a mathe left side of several organ primordia, including the heart, gut, and stomach, which makes it a good candijor role in stabilizing side-specific gene expression date to mediate the transfer of L/R information from the within the left LPM ( Figure 3C) side of the gut primordia, and the adhesion protein DMparticular gene activities and specific morphogenetic or proliferative functions in organ primordia are still GRASP is expressed in the right side in the hepatic diverticulum (Schilling et al., 1999) . missing. The L/R cascade not only controls asymmetry of visDespite these observations, we know very little about how asymmetric organ development is controlled at the ceral organs, but also two other processes: body axis rotation and body wall closure. The rotation of the body cellular level. For example, in the case of the digestive system, it is known that the left side of the stomach axis, or "axial turning," follows the rightward looping of the heart tube in revealing the emergence of morphologiprimordia has an increased growth rate that results in the so-called "great curvature" of the stomach and, seccal laterality in vertebrate embryos. In mouse, rat, and other mammals, rotation of the embryo from a dorsally ondarily, in the precise positioning of the spleen in the left upper side of the abdominal cavity. Similarly, the flexed to a ventrally flexed position always occurs in the same direction and results in several asymmetries, as asymmetric development of the intestine appears to depend on increased growth rates in two specific revealed by the placement of chorioallantoic placenta, tail, and umbilical vessels to the right side and vitelline places: the duodenum and the central part of the primitive loop. In Xenopus, spleen precursor tissue is initially vessels to the left side of the embryo (reviewed by Fujinaga, 1997). In chick embryos, a similar "body rotation" located in symmetric domains on both sides of the embryo but, subsequently, only cells on the left side go on occurs between stages 11 and 20. It is thought that asymmetric cell proliferation in the embryonic body and to form the mature spleen, in a process that does not appear to involve either cell migration or differential cell extraembryonic membrane direct body rotation, and Pitx2 may be involved in this process through its activideath (Patterson et al., 2000) . Thus, local processes involving differential control of cell proliferation and/or ties in the body wall mesoderm and amnion. In the mouse, Pitx2 is expressed in both the left and right distal cell death, as well as instructive changes in cell fate, are likely to be involved in directing asymmetric developends of the lateral body wall mesoderm at E9-9.5, with a stronger expression in the left side, similar to the pattern ment of specific organs. However, clear links between It may appear intuitive that alterations in situs of ab-
Conclusions and Future Prospects
The claim that a particular genetic pathway has been dominal organs should always follow alterations of situs of thoracic organs, but in fact, there are many situations conserved during evolution has become a staple attached to many developmental biology studies in the last two where thoracic and abdominal situs are uncoupled. In lefty-1-deficient mice, for example, laterality defects are decades, a trend fueled by exciting advances in the synthesis of developmental and evolutionary biology. restricted to thoracic organs, and situs of abdominal organs is completely normal (Meno et al., 1998 ). This However, as it often happens, the devil is in the details. What is conserved and what is divergent in the mechamay be due to the fact that ectopic expression of Nodal, lefty-2, and Pitx2 is restricted to the anterior part of the nisms that control L/R asymmetry among vertebrates? The advances outlined above have allowed researchers LPM in these mutants. In some rare human syndromes, normal thoracic situs is accompanied by abdominal situs to put forward a model that partially explains how L/R positional information is generated and interpreted in inversus or situs ambiguus, which would suggest some alteration of L/R development that specifically affects the early embryo (Figures 3, 4 , and 5). Generally speaking, the statement that the overall mechanisms of L/R abdominal organs, probably involving alterations of gene expression in the posterior LPM. Interestingly, the patterning are conserved among vertebrates appears to hold true. However, it is still not clear to what degree study of the regulatory sequences of the mouse lefty-2 gene has revealed that the left-specific enhancer of the initial steps of L/R determination are shared among the different vertebrate classes. If, on one the hand, lefty-2 is actually composed of two separable elements: one for the anterior left LPM, and another for the postedistinct mechanisms of symmetry-breaking do actually exist, it may be possible to relate these differences in rior left LPM . This finding supports the notion that the expression of key regulators of L/R relatively straightforward and intuitive ways to the very different modes of early development seen among vertedevelopment may be controlled independently in the thorax and abdomen.
brates. Alternatively, as we have argued here, the basic mechanism underlying the process of symmetry-breakSimilarly, hand preference also appears to be uncoupled ing-namely, the activity of nodal cilia-may in fact be from the mechanisms underlying visceral L/R asymmecommon to all vertebrates, with the apparent differences try (reviewed by Levin and Mercola, 1998a 
